Abstract: In a two-year phytotron study, juvenile trees of European beech (Fagus sylvatica) and Norway spruce (Picea abies) were grown in mixture under ambient and twice ambient ozone (O 3 ) and infected with the root pathogen Phytophthora citricola. We investigated the influence of O 3 on the trees' susceptibility to the root pathogen and assessed, through a 15 N-labelling experiment, the impact of both treatments (O 3 exposure and infection) on belowground competitiveness. The hypotheses tested were that: (1) both P. citricola and O 3 reduce the belowground competitiveness (in view of N acquisition), and (2) that susceptibility to P. citricola infection is reduced through acclimation to enhanced O 3 exposure. Belowground competitiveness was quantified via cost/benefit relationships, i.e., the ratio of structural investment in roots relative to their uptake of 15 N. Beech had a lower biomass acquisition and captured less 15 N under enhanced O 3 and P. citricola infection alone than spruce, whereas the latter species appeared to profit from the lower resource acquisition of beech in these treatments. Nevertheless, in the combined treatment, susceptibility to P. citricola of spruce was increased, while beech growth and 15 N uptake were not further reduced below the levels found under the single treatments. Potential trade-offs between stress defence, growth performance, and associated nitrogen status are discussed for trees affected through O 3 and/or pathogen infection. With respect to growth performance, it is concluded that O 3 enhances susceptibility to the pathogen in spruce, but apparently raises the defence capacity in beech.
Introduction
Already, in 1973, Heagle stressed the importance of unravelling the interactions between plant responses to air pollutants and pathogen defence. Nevertheless, even after three decades of continued research (Manning and von Tiedemann, 1995; von Tiedemann and Firsching, 1998; Karnosky et al., 2002) , such interactions have not been clarified to an extent that would allow understanding of ecophysiological principles regarding effects, in particular, of ozone (O 3 ) and Phytophthora species on forest trees (Matyssek and Sandermann, 2003; Laurence and Andersen, 2003) .
O 3 is considered to be the potentially most phytotoxic air pollutant (e.g., Lefohn, 1992; Skärby et al., 1998) . During the last decade, surface O 3 concentrations have increased on average by 1 -2 % each year (Stockwell et al., 1997) , and O 3 levels are expected to stay high during the forthcoming decades (Fowler et al., 1999; Fabian, 2002; Ashmore, 2005) . Adverse O 3 effects on trees include foliar injuries, premature leaf loss, reduced growth (Matyssek and Sandermann, 2003; Matyssek and Innes, 1999) , and limited belowground carbon allocation (Andersen, 2003; Samuelson and Kelly, 2001) . At the same time, O 3 is known to elicit plant responses typically associated with pathogen defence, including biosynthesis of lignin, increased phenylalanine ammonia-lyase (PAL) activity, as well as accumulation of phenolic compounds and pathogen-related proteins (Heagle, 1973; Heller et al., 1990; Sandermann et al., 1998; Matyssek and Sandermann, 2003) . Cahill and McComb (1992) compared defence responses of two Eucalyptus species of contrasting susceptibility to P. cinnamomi and concluded that inhibition of the pathogen in the resistant species was due to a distinct induction of PAL which, as a consequence, initiated lignin synthesis and accumulation of phenolic compounds in the infected tissue.
P. citricola is an oomycete known to cause root rot across a broad range of plant hosts (Erwin and Ribeiro, 1996) , including European beech (Fagus sylvatica; Fleischmann et al., 2002 Fleischmann et al., , 2004 Werres, 1995) . Although affecting beech on a regional scale (Jung and Blaschke, 1996) , P. citricola has not yet been found to infect Norway spruce (Picea abies) in the field (Nechwatal and Oßwald, 2001 ). Nevertheless, under laboratory conditions, spruce seedlings infected with P. citricola die or sustain severe root injury (Nechwatal and Oßwald, 2001) . Therefore, development of juvenile spruce trees beyond the seedling stage is likely to be affected by P. citricola infection.
Since infection with P. citricola causes malfunctioning and rot of the roots, constrained belowground competitiveness of infected plants is to be expected. Likewise, O 3 causes trees to reduce their carbon allocation to the soil compartment and, again, restricted competitiveness for belowground resources may result (Andersen, 2003) . However, acclimation to O 3 , which can elicit defence responses in plants (Sandermann et al., 1998) , might reduce the susceptibility of trees to pathogen attack. With the objective of clarifying belowground competitiveness, the 15 N uptake of juvenile beech and spruce trees that experienced disturbance by O 3 exposure and/or P. citricola inoculation was studied, in a phytotron experiment, through an interspecific competitive set-up (cf. Grams et al., 2002; Kozovits et al., 2005 a, b) . The hypotheses tested were that: (1) both P. citricola and O 3 reduce the belowground competitiveness of beech and spruce (in view of N acquisition), and (2) that susceptibility to P. citricola infection (and, therefore, impeded belowground competitiveness) is reduced through acclimation to enhanced O 3 exposure. Belowground competitiveness was quantified (according to Grams et al., 2002; via cost/benefit relationships, i.e., the ratio of structural investment in (fine) roots relative to their uptake of 15 N.
Materials and Methods

Plants, climate conditions, and treatments
In spring 2001, 1-and 2-year-old seedlings of European beech (Fagus sylvatica L., seed source 810-24 Bad Griesbach) and Norway spruce (Picea abies [L.] Karst., seed source 840-27 Altötting) were planted in containers (area of 0.7 × 0.4 m, soil depth of 0.3 m) which had been filled with untreated soil (dystric cambisol, Ah-B horizon, 540 m a.s.l.; see Kreutzer et al., 1991) from Höglwald Forest near Augsburg, Germany ( Table 1 summarizes the sequence of experimental procedures). Twenty trees (arranged in rows as 4 × 5 individuals) were planted in an alternating pattern into each of 64 containers (1-to-1 beech/spruce mixtures, Fig. 1 ). To account for potential edge effects, all assessments were conducted only on the six central individuals in each container (cf. Grams et al., 2002) . in the sub-chambers (cf. Payer et al., 1993) .
The varying climate conditions and O 3 regimes recorded in 1998 and 1999 at the study site "Kranzberg Forest" (see Pretzsch and Dursky, 2002; Nunn et al., 2002) were reproduced in the phytotrons on an hourly basis throughout the seasonal courses of 2002 and 2003. Plants were exposed to either ambient (1 × O 3 ) or experimentally enhanced O 3 levels (2 × O 3 ; restricted to < 150 nl l -1 ). Air temperature, photosynthetic photon flux density (PPFD), relative humidity, CO 2 concentration, the two O 3 regimes, and resulting AOT 40 (sum of the hourly O 3 concentrations above 40 ppb during daytime hours, Fuhrer and Achermann, 1999) are presented on a monthly basis in Table 2 . Three tensiometers (Model T5, UMS, Munich, Germany) in each container continuously monitored soil moisture at a depth of 11 cm and triggered irrigation with de-ionized water whenever soil water tension reached 400 hPa. In accordance with previous experiments, plantations were supplied with 1 l of double-concentrated Hoagland solution each (Hoagland and Arnon, 1950; cf. Kozovits et al., 2005 a) four times during the growing season of 2002 to provide tissue nutrient levels similar to those found in trees of Bavarian forests (cf. Kreutzer et al., 1991) . During the second growing season (2003), the nutrient solution was added three times, substituting the fourth fertilization by the 15 N tracer application (see below). Beech foliar N concentration at the end of the experiment averaged 19.2 mg/g, which is considered low but not deficient (Wolff and Riek, 1999; Bergmann, 1993) . Spruce foliar N concentration was about 15.5 mg/g, regarded as a representative average level (Bergmann, 1993) . The average or low foliar N levels suggest this nutrient to be of relevance in competition.
At the end of July 2002, in two of the four phytotrons a total of 16 containers were inoculated with the root pathogen P. citricola ( Table 1 , for details see below), while each phytotron contained four Plexiglas chambers for additional O 3 fumigation (two each with 1 × O 3 or 2 × O 3 , each chamber with two planting containers, 20 plants/container; Fig. 1 ). In this way, four O 3 / P. citricola regimes were established: (1) 1 × O 3 /non-inoculated (in the following referred to as "control"), (2) 2 × O 3 /non-inoculated = "+O 3 ", (3) 1 × O 3 /P. citricola-inoculated = "+Phy" and (4) 2 × O 3 /P. citricola-inoculated = "+O 3 /+Phy". This set-up was independently replicated across the four phytotrons (i.e., 2 + 2 phytotrons, Fig. 1) . Mycorrhization was present in all containers (Pritsch et al., 2005) .
Plant biomass assessment
Six central trees per container were harvested on five different dates throughout the experiment in 2002 and 2003 (Table 1) . At the end of the first growing season in September 2002, 9 plants per species and treatment were harvested (corresponding to 3 central plants of each species in three planting containers per treatment). At the end of the experiment, in September 2003, 9 trees per species in the control and +O 3 treatment each and 15 trees per species in the +Phy and +O 3 /+Phy treatment each were harvested. Tree biomass was separated by organs: foliage (divided into current-year and older needles for spruce and first and second flush for beech), stems, and branches (in sum as non-green aboveground biomass, hereafter referred to as "shoot axes" biomass), and roots. The latter were further separated into fine roots (≤ 2 mm in diameter) and coarse roots (> 2 mm in diameter). Dry mass (DM) was determined of each biomass fraction.
Soil inoculation with P. citricola and its quantification in tree roots
The soil was inoculated on 30 July 2002 as described in Fleischmann et al. (2002) , using Phytophthora citricola Sawada isolate Bu137/7N (isolated from a declining beech in a mixed beech/spruce stand). Containers were flooded once on 30 July 2002 and again on 16 June 2003 for 48 h each to stimulate the production of zoosporangia and the release of zoospores. The presence of P. citricola within the containers was determined with an oak leaf baiting technique (Jung et al., 1999) during flooding or from soil samples taken during the winter.
After harvest, DNA was extracted from 20 mg of dried and pulverized root material using the Plant DNeasy Minikit (Qiagen, Hilden, Germany), according to the protocol of the manufacturer. The DNA was further purified using the Wizard DNA clean up kit (Promega, Mannheim, Germany) and finally resolved in 100 μl of water. P. citricola DNA was quantified using a nested PCR, with the first PCR step being performed on a conventional thermocycler (T-Gradient, Biometra, Göttingen, Germany) and the second step as TaqMan real-time quantitative PCR on an SDS7700 Sequence Detection System (Applied Biosystems, Darmstadt, Germany). In the first PCR step (30 cycles, 58 8C for 25 s, 72 8C for 50 s, 94 8C for 30 s), 2 μl DNA were amplified with the Peronosporales-specific primer pair DC6 and ITS4 (Cooke et al., 2000) in a 25-μl assay containing 0.2 μM of each primer, 1.5 mM MgCl 2 , 100 μM dNTPs, and 1.25 U HotStar Taq polymerase (Qiagen, Hilden, Germany). In the second PCR step (35 cycles, 62 8C for 1 min, 94 8C for 20 s), 5 μl of the amplicon of step one were amplified with the primers P5 and P6 (each 0.3 μM) together with the Taqman probe F3 (0.2 μM; Böhm et al., 1999) 
Quantification of competitiveness
Competitiveness was quantified by cost/benefit ratios that relate biomass investment (here: root mass) to resource gain (here:
15 N uptake). Such ratios were postulated earlier (Küp-pers, 1984; Sprugel et al., 1991) and experimentally tested in preceding studies (Grams et al., 2002; Kozovits et al., 2005 b; Reiter et al., 2005) .
Statistical analysis
Analysis of variance (ANOVA) was used to test for potential chamber and container effects on assessed tree parameters. As analysis yielded absence of significant chamber and container effects, individual trees were used as experimental units during subsequent statistical treatment. All data were checked for skewed distribution and transformed appropriately whenever required. For the specific comparison between +Phy and +O 3 /+Phy P. citricola DNA amount in fine roots, a t-test was employed for examination of statistical significance. All other investigated parameters were examined by two-way ANOVA with the factors ozone and P. citricola infection for a significance level of 5 % (Zar, 1999) . Tests were conducted with SPSS 12.0 (SPSS Inc., Chicago, IL). Hereafter, we distinguish the expressions "ozone" and "P. citricola" from "+O 3 " and "+Phy", using the former terminology when indicating the two-way ANOVA factors, but the latter notation when referring to individual treatments, alone or in combination (+O 3 /+Phy), relative to the control.
Results
P. citricola infection
The success of the P. citricola infection was confirmed in all P. citricola-treated plant containers throughout the entire experiment ( Table 3) . P. citricola was re-isolated from baiting leaves taken after the first flooding treatment, although the frequency of re-isolation was lower from soil samples taken during winter and upon the second flooding. P. citricola could neither be re-isolated from the control nor the +O 3 containers. The total amount of P. citricola DNA found in fine roots of beech was higher than in spruce. Ozone did not affect the infection rate of beech, but tended to increase the amount of P. citricola DNA in spruce fine roots (Table 3) . In coarse roots, P. citricola was detectable only when the fine root infection was high (data not shown).
Whole plant biomass and N status
At the end of the experiment, the total biomass of beech was lower across the treatments relative to the control (Fig. 2 a) . Growth under +O 3 was about 50 % lower, whereas the presence of P. citricola caused a reduction of 30 %. Remarkably, the +O 3 / +Phy treatment did not further reduce the biomass production of beech (Fig. 2 a) . Conversely, ozone and P. citricola limited biomass development of spruce only in combination (significant ozone × P. citricola interaction, Table 4 ; Fig. 2 
b).
Beech root biomass changed in proportion to whole tree biomass, with similar significances for all factors ( Table 4) . P. citricola and ozone alone did not significantly change spruce root biomass (Table 4 b) , while a significant negative ozone × P. citricola effect on spruce roots and whole tree biomass was observed ( Table 4 
a).
According to Imo and Timmer (1992) , the relation of whole plant N concentration versus N content allows conclusions on plant N use for growth (Fig. 3) . N balanced growth is represented by stable N concentration at changing biomass production. This was almost the case in beech, when comparing the outcome of the +O 3 , +Phy, and control treatment (Fig. 3 a) . Nevertheless, N concentration was elevated under enhanced ozone and P. citricola, in particular under +O 3 /+Phy (Fig. 3 a, significant effect of ozone and tendency for enhancement by P. citricola, p = 0.052; Table 4 ). Similar to beech, spruce had higher whole plant N concentrations under ozone and P. citricola. However, under +O 3 and +Phy, increased N acquisition (as reflected by increased whole plant N content) was used in part for stimulated biomass production in spruce (Fig. 3 b) .
N sequestration and allocation
Similar total amounts of 15 N (5.48 ± 0.39 mg, n = 16) were recovered in total plant biomass (i.e., of beech and spruce) per container, independent of treatments. During the 56-day period since the application of the 15 N label to the soil (July 30 through September 25, 2003) , beech trees of the control took up twice the amount of 15 N compared with those of the different treatments (Fig. 4 a; main effect of ozone, Table 4 a). Since 15 N was added towards the end of the growing season, only a minor portion of the total uptake of 15 N was invested into leaves (max. of 6.1 % under +O 3 /+Phy, Table 5 a). The amount of 15 N invested into shoot axes ranged between 25 and 38 %. Investment into roots was highest under +O 3 and +Phy (70.6 and 70.4%, respectively) and lowest under +O 3 /+Phy (56.2 %).
The total amount of 15 N uptake by spruce exceeded that of beech under impacts of +O 3 and/or +Phy (Fig. 4 b) . Under such latter conditions, spruce increased its uptake by more than 25 % relative to the control and complementary to beech. Compared with beech, spruce invested somewhat less 15 N into roots (55.3 % of total uptake in the control, 54.1 % at +O 3 and 51.3 % at +Phy), in particular under +O 3 /+Phy (43.8 %, Table 5 
b).
Evergreen spruce incorporated significant amounts of acquired 15 N into current-year and old needles. The lower percentage (related to whole tree uptake) of 15 N that was recovered belowground under +O 3 /+Phy compared with the control in spruce was due mainly to a P. citricola effect (Table 4 b). In Fig. 2 Total biomass of beech (a) and spruce (b) at the end of the experiment. Solid parts of the bars give root biomass. Data represent means ± SE, n = 9 for control and +O 3 each, and n = 15 for +Phy and +O 3 /+Phy each. Ozone and Phytophthora effects and their interactions are given by * and **, corresponding to p < 0.05 and p < 0.01, respectively, and (*) for p < 0.10 (non-significant).
beech, the lower percentage of recovered 15 N in coarse and fine roots under +O 3 /+Phy relates to the interaction of the two factors, ozone and P. citricola (Table 4 a) .
To analyze the cost/benefit relationship of 15 N uptake, as a measure of belowground competitiveness, the amount of 15 N taken up per fine root biomass was calculated (Fig. 5) . Only ozone had a negative main effect (Table 4 a) on the belowground competitiveness of beech for 15 N (Fig. 5 a) . However, both ozone and infection with P. citricola, in particular, when in combination (+O 3 /+Phy), did significantly increase the competitiveness of spruce for 15 N (ozone, P. citricola, and ozone × P. citricola main effects; Table 4 b, Fig. 5 b) . Considering the 15 N uptake per total root biomass (Figs. 5 c, d) , beech was more efficient in the control compared with the other treatments (significant ozone effect, Table 4 a). On the other hand, spruce had a higher 15 N uptake per total root biomass under enhance ozone and infection with P. citricola (significant main effects, Table 4 b), which was due to the increase under +O 3 /+Phy (Fig. 5 d) .
Discussion
In a two-year phytotron study, beech and spruce were grown in a mixture under ambient and twice-ambient O 3 and in combination with the root pathogen P. citricola. We tested the hypotheses that: (1) both O 3 and P. citricola reduce the belowground competitiveness of both species and that (2) susceptibility to P. citricola infection is reduced through acclimation to enhanced chronic O 3 exposure. Overall, tree responses and their interactions turned out to be species-dependent.
In accordance with a previous study conducted in the same phytotrons, where the same species were grown not only in mixed but also in monoculture (Kozovits et al., 2005 a, b) , twice-ambient O 3 concentrations reduced whole plant biomass of beech when grown in a mixture with spruce (Fig. 2) . Likewise, beech biomass was reduced under the +Phy treat- ment. However, infection with P. citricola had no significant main effect because, under the combined treatment (+O 3 / +Phy), infection with the pathogen did not further reduce growth relative to that with +O 3 . This result for beech is in support of hypothesis 2 in that susceptibility to P. citricola was reduced through acclimation to increased O 3 levels (ozone × P. citricola interaction: p = 0.054).
Compared with the control, neither +O 3 nor +Phy significantly changed the growth of spruce, but under the combined treatment (+O 3 /+Phy) whole tree biomass was reduced by about 25 %. Thus, regarding unchanged growth at +O 3 and +Phy (and contrasting with beech), hypotheses 2 was not supported for spruce. Despite the different responses to ozone and/or P. citricola, both species increased their whole plant N concentration when growth was restricted (Fig. 3) . Since N uptake in both species is well regulated (Gessler et al., 2004) , enhanced N concentrations under the high ozone regime and P. citricola infection is likely due to metabolic demand and may indicate that N was used for purposes other than growth, perhaps for stress defence (cf. Herms and Mattson, 1992; Zangerl and Bazzaz, 1992) . In general, both O 3 and pathogens can induce a defence-related metabolism, including pathogen-related proteins, as well as an increase in enzyme activities such as PAL leading to accumulation of phenolic compounds and biosynthesis of lignins (Heller et al., 1990; Schmitt and Sandermann, 1990; Sandermann et al., 1998; Matyssek and Sandermann, 2003) . Remarkably, the highest 15 N uptake efficiency (N uptake per unit of root biomass) of spruce was found under probably high N demand for stress defence under the +O 3 /+Phy treatment (Fig. 5) . Experiments with elicitors of chemical resistance showed that induction of resistance is N-dependent (Dietrich et al., 2004) , and that resistance induction may reduce competitiveness (Dietrich et al., 2005) . Values are means ± SE, n = 9 for control and +O 3 each, and n = 15 for +Phy and +O 3 /+Phy each. Ozone and Phytophthora effects and their interactions are given by * and **, corresponding to p < 0.05 and p < 0.01, respectively, and (*) for p < 0.10 (non-significant). Table 5 Partitioning of 15 N in beech (a) and spruce (b) trees, taken up during the 56 days of label application (means ± SE, n = 9 for control and +O 3 each, and n = 15 for +Phy and +O 3 /+Phy each) Hypothesis 1 was tested through belowground competition for 15 N double-labelled NH 4 NO 3 . In the case of beech, data support this hypothesis, because total 15 N uptake under both enhanced ozone and P. citricola infection was less than half of the uptake in the control (Fig. 4) . This reduction was not merely the result of a reduced root biomass, since belowground efficiency of 15 N uptake was also reduced by enhanced ozone (Fig. 5) . Conversely, 15 N uptake and its efficiency were higher in spruce under enhanced ozone and/or P. citricola. This appears to be consistent with spruce's lower susceptibility to O 3 (at least under controlled conditions; Lippert et al., 1996; Grams et al., 2002) and to P. citricola (Nechwatal and Oßwald, 2001 ). In addition, the high 15 N uptake in spruce may also result from the low belowground competitiveness of beech, which may have been the case, in particular, under the +O 3 / +Phy treatment. Thus, hypothesis 1 was not supported in spruce.
The contrasting responses in belowground competitiveness of beech and spruce to the applied treatments may be a consequence of competition. The less O 3 and pathogen-sensitive competitor (i.e., spruce) may profit from the increased resource availability caused by the lowered resource uptake of the more sensitive competitor (i.e., beech, cf. Schwinning, 1996) . Direct competition effects may dominate plant response, in particular, to changing environmental conditions such as elevated O 3 and CO 2 concentrations .
Interactions between pathogens and abiotic factors in plant response demand increased awareness, as they affect competition, species composition, and ecosystem functioning (Laurence and Andersen, 2003) . This is in line with the present study that demonstrated such interactions in trees are species-specific, although phytotron experiments cannot directly be extrapolated to field conditions. As beech responded to ozone by decreasing N acquisition and biomass production, these responses were not exacerbated by additional pathogen infection. Acclimation to ozone may have facilitated pathogen defence. Conversely, these two parameters were insensitive in spruce to O 3 stress but constrained by additional pathogen infection, although the whole plant N concentration was enhanced. The N not used in biomass production perhaps reflected demand and physiological costs of stress defence. Sensitivity to O 3 appears to pre-determine the differential response to pathogen infection under O 3 stress. N uptake per unit of fine root biomass (a, b) and per unit of total root biomass (c, d) of beech and spruce, during the 56 days of label application (means ± SE, n = 9 for control and +O 3 each, and n = 15 for +Phy and +O 3 /+Phy each). Significant ozone and Phytophthora effects and their interaction are given by *, **, and ***, correspond to p < 0.05, p < 0.01, and p < 0.001, respectively.
